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Introduction
and show evidence of local adaptation 126 to the heterogeneous climatic conditions across their geographical range and also within the area 127 of putative hybridization (Steinhoff & Andresen 1971; Moreno-Letelier et al. 2013; Borgman et 128 al. 2015; Moreno-Letelier & Barraclough 2015; Goodrich et al. 2016) . To examine the processes 129 influencing species boundaries between these two conifer species, we asked three questions: (1) 130 divergence blending into the characteristics of populations in the allopatric zones of either 148 species (Bisbee 2014) . 149
We sampled 42 P. strobiformis populations encompassing a total of 376 trees (5-13 150 trees/population) from its entire geographical range. For P. flexilis, a total of 13 populations were 151 sampled, with eight populations sampled from the southern periphery of the geographical range 152 and five sampled closer to the range center ( Fig. 1 ). Across these thirteen populations, we 153 sampled a total of 69 trees (4-10 trees/population). To help minimize relatedness, trees within 154 the same site were sampled with a minimum spacing of 50 m (P. strobiformis) and 200 m (P. 155 flexilis) from each other. 156
Data generation 157
Occurrence data 158
We assembled a comprehensive dataset of occurrences for ecological niche modeling 159 (ENM) by supplementing our field site data with occurrence records downloaded from the 160 Global Biodiversity Information Facility (GBIF) using functions from the DISMO package 161 (Hijmans et al. 2017 ) available in the R environment (R Core Team 2017). Using a series of 162 filtering steps to account for observation and sampling biases (Supporting Information, Appendix 163 S1.A), we obtained a final dataset of 254 occurrence records for P. strobiformis and 420 for P. 164 flexilis. Incorporating intraspecific genetic variation into ENMs can improve model fit and 165 provide more robust predictions when projecting across time and space (Knowles et al. 2007; 166 Ikeda et al. 2017) . Thus, we divided presence locations within P. strobiformis into core 167 (latitudinal range: 19-30.5 °N ) and northern periphery (latitudinal range: 31-33°N). These groups 168 likely represent different genetic clusters given the geographically restricted hybridization 169 between P. flexilis and P. strobiformis (Steinhoff & Andresen 1971; Tomback & Achuff 2010; Bisbee 2014) . We defined three groups that were the focus of our enquiries -(1) populations of 171 P. flexilis, (2) populations of P. strobiformis from the northern range periphery (Periphery 172 hereafter), and (3) populations of P. strobiformis from the range core (Core hereafter). Nineteen 173 bioclimatic variables and altitude were used as predictors in the ENMs for all three groups. 174 Present day geospatial data layers for these variables were downloaded from WorldClim v.1.4 175 (Hijmans et al. 2005) at 30 arc-second resolutions and at 2.5 arc-minute resolutions for the Last 176
Glacial Maximum (LGM) and data were extracted from each layer using the RASTER package 177 (Hijmans et al. 2016 ) available in R. 178
DNA sequence data 179
We extracted total genomic DNA from 445 individuals sampled across 55 populations of 180 both species using DNeasy Plant Kits (Qiagen). Five ddRADseq libraries (Peterson et al. 2012) , 181 each containing up to 96 multiplexed samples, were prepared using the procedure detailed in 182 Parchman et al. (2012) . All libraries were digested using the EcoR1 and Mse1 restriction 183 enzymes followed by ligation of adaptors, barcodes, and primers. Following PCR, we selected 184 DNA fragments in the 300-400 bp size range using agarose gel electrophoresis followed by 185 isolation of pooled DNA from these gels using QIAquick Gel Extraction Kits (Qiagen). end sequencing, with one multiplexed library per lane, was used to obtain 100bp reads, with all 187 sequencing conducted with Illumina HiSeq 2500 at the Nucleic Acids Research Facility located 188 at Virginia Commonwealth University. The resulting FASTQ files were processed using dDocent 189 bioinformatics pipeline (details in Supporting Information, Appendix S1.B; Puritz et al. 2014). 190 The entire process yielded a total of 51 633 single nucleotide polymorphisms (SNPs), which 191 were used as the starting dataset for all subsequent analyses. 192
Data analysis 193
Ecological niche modeling and niche divergence 194
We developed ENMs for each of the three groups: Core, Periphery, and P. flexilis, using 195 the algorithms available in Maximum Entropy (MAXENT; Phillips et al. 2006) . Since MAXENT 196 was specifically developed for presence-only data, we drew a one-degree rectangular buffer 197 around the known distribution of both species and obtained 100 000 background points at 198 random without duplicates in a cell. Data processing, model fitting, and model evaluation using 199 5,000 iterations within MAXENT were conducted using the DISMO, RASTER, RGDAL (Bivand et al. 200 2017) , and SPTHIN (Aiello-Lammens et al. 2015) packages available in R. ENMs were 201 constructed from climate variables with an absolute correlation coefficient (r) less than 0.85. 202
Two indices were used to assess model performance for each group: overall regularized training 203 gain (RTG) and area under the curve (AUC). Since LGM data were not available at 30 arc-204 seconds resolution, we built two ENMs for each group (2.5 arc-minutes and 30 arc-seconds), but 205 only used the 2.5 arc-minutes models for hindcasting to infer historical patterns of sympatry 206 between species that could facilitate gene flow. We followed an average projection ensemble 207 approach across three LGM scenarios (CCSM4, MIROC & MPI) to obtain a hindcasted 208 suitability map. Changes in habitat suitability (stability) were assessed by adding predicted suitability maps across the LGM and present (as in Ortego et al. 2015) . For these maps, 210 values closer to 2 in a gridded cell are associated with the stability of highly suitable habitat for a 211 given group across time points. In contrast, values closer to 0 are associated with the stability of 212 highly unsuitable habitat for a given group across time points. Suitability scores obtained across 213 the full geographical extent for the present conditions at 30 arc-seconds were compared across all 214 three pairs of groups (Core-Periphery, Core-P. flexilis, Periphery-P. flexilis) to investigate patterns of niche evolution. To account for potential biases towards niche divergence introduced 216 by latitudinally associated environmental variation in the present range of each pair, we 217 performed an asymmetric background randomization test, based on Schoener's D, in the R 218 package ENMTOOLS (Warren et al. 2008) . The two resulting null distributions of niche 219 divergence obtained through this test correspond to the background of each group compared 220 against the other. An observed value of Schoener's D much smaller than expected after 221 accounting for background differences is indicative of niche divergence, whereas a value much 222 larger than expected indicates niche conservatism (Warren et al. 2008) . 223
Population structure and demographic modeling 224
We assessed the pattern and the extent of genetic divergence between P. strobiformis and 225 P. flexilis using multiple methods. First, we grouped the 42 P. strobiformis populations into the 226 same core and periphery groups discussed above (see Data Generation & Fig. 1 ). We conducted 227 principal components analysis (PCA) to visualize grouping of sampled trees into the three groups 228 delineated in our methods (Patterson et al. 2006; McVean 2009 ). To complement the PCA, we 229 also conducted an individual-based assignment test using FASTSTRUCTURE, a variational 230 Bayesian version of STRUCTURE designed for use with large SNP datasets (Raj et al. 2014) . 231
For any given number of predefined clusters (K), FASTSTRUCTURE assigns a Q-value 232 representing the proportion of a sample's ancestry derived from each cluster. We set K to 2, 233 representing the two parental species investigated here, as we were interested in admixture 234 between two defined species and not the potential number of groups within our genetic data. 235
Lastly, we utilized hierarchical fixation indices (F-statistics) to assess the extent of 236 differentiation between species by nesting trees into populations and populations into species. 237
There are two levels within the hierarchy, with F CT describing differentiation among groups at 238 the highest level of the hierarchy and F ST describing differentiation among groups across all 239 levels of the hierarchy (see Yang 1998) . A similar nested model with the highest level of 240 hierarchy being groups within P. strobiformis was used to assess intraspecific differentiation. For 241 the former, F-statistics are denoted using the term 'species' in the subscripts, whereas the latter 242 uses the term 'groups' in the subscripts. We used a similar hierarchical model with variance 243 partitioning to estimate group specific and pairwise F-statistics for the three groups delineated in 244 this study. We denote pairwise values of F ST using one-letter abbreviations for the groups being 245 compared (e.g. F ST-CP indicates F ST between Core and Periphery), and group specific values of 246 F ST with the name of the group in subscripts. We constructed 95% confidence intervals of 247 multilocus F-statistics using bootstrap resampling (n = 100 replicates) in the HIERFSTAT package 248 (Goudet 2005) available in R. Along with estimation of F-statistics, we also assessed overall 249 levels of genetic diversity using multilocus estimates (i.e. means across SNPs) of observed and 250 expected heterozygosities (H o and H e ) per population. 251
Presence of individuals with mixed ancestry, as identified using FASTSTRUCTURE, can 252 be a result of secondary contact, recent divergence causing incomplete lineage sorting, or the 253 presence of gene flow throughout the divergence history. Disentangling these explanations is 254 important, because it directly influences our understanding of the relative importance of intrinsic 255 and extrinsic factors in facilitating speciation. For instance, when speciation is recent or has 256 occurred with gene flow, we expect a heterogeneous landscape of genomic differentiation, such 257 that while most of the genome is freely introgressed between species, only a few genomic 258 regions associated with intrinsic or extrinsic factors inhibiting gene flow will exhibit elevated 259 differentiation (Wu 2001; Feder et al. 2012) . However, if hybrids are formed in areas with novel 260 habitats, introgression might be selectively advantageous, such that heterozygotes at climate-associated loci will confer higher fitness, and will lack elevated islands of differentiation. To 262 infer the timing and influence of various demographic processes shaping the divergence history 263 of our focal groups, we conducted demographic modeling using Diffusion Approximation for 264 Demographic Inference (∂A∂I; Gutenkunst et al. 2009 ).We down-sampled the total SNP dataset 265 for computational simplicity based on population genetic summary statistics and then randomly 266 sampled one SNP per assembled contig to obtain a final dataset of 4,800 SNPs that were used in 267 subsequent ∂ A∂I analyses (Supporting Information, Appendix S1.C). 
Genomics of interspecific introgression 282
Analyses of clines across hybrid zones are widely used to identify loci exhibiting 283 exceptional patterns of introgression relative to the average genomic background (Fitzpatrick 284 2013; Gompertet al. 2012a; Gompert & Buerkle 2011; Stankowskiet al. 2015) . We classified our 285 sampled trees into categories corresponding to admixed (n A = 111) and parental species (P. 286 strobiformis = 277, P. flexilis = 54) based on the Q-values from FASTSTRUCTURE. Trees with 287
Q-values of 0.9 or higher were classified as pure P. strobiformis, those with Q of 0. A tree with h = 0 was classified as having solely P. strobiformis ancestry, whereas a tree with h = 301 1 was classified as having solely P. flexilis ancestry. We ran BGC for five replicate runs, each 45 302 000 steps in length, and, after discarding the first 25 000 steps as burn-in, we thinned the 303 posterior distribution every 20 steps, thus yielding 1,000 samples which were used for inference 304 of model parameters. We used TRACER v1.6 (Rambaut et al. 2013) to test for convergence 305 among replicated runs, as well as appropriate mixing along MCMC chains. We identified loci 306 with excess ancestry (relative to the genome-wide average) as those with posterior α or β credible intervals (CI; 95% equal-tail intervals) not containing zero. Moreover, we identified 308 outlier loci as those with posterior mean point estimates of 
Results

333
Ecological niche modeling and niche divergence 334
ENMs for each of the three groups used in this study ( Fig. 1 ) had high predictive ability, 335 as indicated by AUC and RTG values (Table 1) . For Core and Periphery, several covariates 336 stood out as important with precipitation seasonality (Bio15) being shared between Core and 337 Periphery; however, altitude was consistently the most important variable for P. flexilis across 338 different measures of variable importance (Table 1) . Hindcasting the 2.5 arc-minute model onto 339
LGM data layers supported a recent, post-LGM niche fragmentation and northward expansion in 340 Periphery (Supporting Information Fig. S2 ). A similar post-LGM northward expansion of 341 suitable niche space was observed for P. flexilis. Furthermore, there was extensive range overlap 342 between the two species during the LGM, which was greater than what is currently observed 343 (Supporting Information Fig. S2 ). The values of niche similarity based on Schoener's D ranged 344 from 0.05 (P. flexilis-Core) to 0.17 (Periphery -Core). Background randomization tests revealed 345 statistically significant niche divergence for two of the three comparisons ( Fig. 2) . Specifically, 346 there was asymmetrical niche divergence between Core and Periphery, with the niche of 347 periphery being conserved relative to the background of core. A similar pattern was noted using 348 only the presence points, where each group formed a distinct cluster within the multivariate 349 climate space defined by the top two principal components (PCs) derived from PCA on the 350 climate variables used for construction of the ENMs (Supporting information, Fig. S3 .A).
The PCA using 51 633 SNPs was consistent with trees sampled from Core being 353 differentiated from those of P. flexilis, which was most marked along PC1 (Fig. 3A ). This PC 354 explained 0.9% of the total genetic variance, which was in line with the overall level of 355 differentiation estimated using hierarchical F-statistics (F ST-species = 0.021, 95% CI: 0.008-0.031). 356
Trees sampled from Periphery were located between those sampled from Core and P. flexilis 357 ( Fig. 3A) , in line with peripheral populations containing hybrids between the two parental 358 species. There was also a latitudinal gradient in the mean population Q-values, as estimated 359 using FASTSTRUCTURE, with Core populations exhibiting little to no ancestry from P. flexilis 360 and Periphery being a mixture of P. flexilis and Core ( Fig. 3B ). At the individual tree level, we 361 observed a strong negative correlation (Pearson's r = −0.69, p = 4.087e-07) between Q-values of 362 putative hybrids and latitude, which is consistent with a geographical gradient of genomic 363 introgression where trees geographically proximal to either parental species contain more 364 ancestry from that parental species. Multilocus estimation of differentiation between species 365 (F CT-species ) was 0.01 (95% CI: 0.005-0.018, Fig. 5A ), while that between groups within P. 366 strobiformis (F CT-groups ) was 0.003 (95% CI: 0.0007-0.006). Multilocus F ST within each group , 367 pairwise F ST between each pair of group, and heterozygosities differed little among the three 368 groups, with the Core-P. flexilis comparison having the highest pairwise F ST-CF = 0.019 (Table  369 2). Although populations of Periphery exhibited slightly higher heterozygosities and F ST values 370 (F ST-periphery ), this pattern was mainly driven by few populations, as indicated by the wider 371 confidence interval around these estimates (Table 2) . 372
The best-supported demographic model was M 4 , which is a model of symmetric ancient 373 gene flow between ancestral P. strobiformis and P. flexilis lineages, followed by contemporary 374 gene flow between Periphery and P. flexilis (Table 3 ; Fig 4) . This model was supported by a distinct minimum AIC score that was better than that of all other ∂ A∂I models by a margin of 376 44.8 information units (ΔAIC i = 44.8 or greater). The next best model, M 8 , was similar to that 377 of M 4 , but without contemporary gene flow between P. strobiformis and P. flexilis, and a 378 heterogeneous ancient gene flow between ancestral populations of the two parental 379 species. Converted parameter estimates indicated that the species diverged 11.36 million years 380 ago (Ma) in the Miocene, but that groups within P. strobiformis diverged 2.29 Ma during early 381 Pleistocene (Fig. 4) . Overall rates of gene flow between species were substantial for both 382 historical and contemporary periods, however the contemporary gene flow between species was 383 geographically restricted Periphery (Supporting Information Table S2 ). In addition, P. flexilis 384 and Periphery experienced asymmetrical gene flow, which was larger in the direction of P. heterozygosity revealed a dominance of advanced-generation hybrids (54%), with some trees 395 being backcrossed into P. strobiformis (22%), but no recent hybrids (F1s) were apparent. 396
Stepwise linear regression analysis revealed a significant effect of geography and climate on h 397 across the putative hybrid zone. Latitude (Pearson's r = 0.41, p = 4.087e-07), precipitation seasonality (Pearson's r = −0.32, p = 0.006), and mean temperature of the warmest quarter 399 (Pearson's r = −0.18, p = 0.005) had a strong influence on h, in line with the latter two being 400 important predictor variables for Periphery in our ENM. 401
The influence of selection is reflected in both 
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). We identified fewer loci with excess ancestry, but in 411 contrast to the pattern for outlier loci those with excess ancestry favored P. flexilis over P. 412 strobiformis ancestry. Among the 287 loci with excess ancestry, 204 (71.1%) had excess P. 413 flexilis ancestry (i.e. lower 95% CI of α > 0) and 83 (28.9%) had excess P. strobiformis ancestry 414 (i.e. upper 95% CI of α < 0). The multilocus F CT-species estimate for loci with excess ancestry was 415 0.12 (95% CI: 0.09-0.13) while for outlier loci it was 0.058 (95% CI: 0.05-0.09). We did not 416 identify any loci that were β outliers or had excess ancestry indicated by β . Hierarchical LGM expansion of suitable habitat. This is likely due to the limited geographical sampling 492 within P. flexilis for our genomic analyses, the two modeling approaches estimating population 493 sizes across very different temporal scales, and a nonlinear relationship between habitat 494 suitability and realized population sizes. Despite the potential for islands of divergence under a 495 model of speciation with gene flow (Nosil 2008; Feder et al. 2012; Tine et al. 2014) , as well as 496 niche divergence results consistent with ecological speciation with gene flow between P. 497 strobiformis and P. flexilis, the best-supported demographic model herein did not provide 498 evidence for islands of divergence. 499
The absence of elevated islands of divergence in this study, however, does not 500 necessarily indicate an absence of adaptive divergence during speciation with gene flow. The 501 lack of islands of divergence is expected in conifers, given the prevalence of polygenic 502 architectures defining continuous trait variation across species boundaries and the expected 503 prevalence of soft sweeps (Pritchard & Rienzo 2010; Alberto et al. 2013; Rajora et al. 2016; 504 Lind et al. 2017) demonstrated the potential for islands of divergence at drought-associated genes, which had a 509 high average F ST value of 0.33 (0.09-0.4) compared to the genome-wide estimate from this study 510 (F ST-species = 0.02). Future investigations using candidate gene approaches or exome capture 511 might thus be able to identify islands of divergence in conifers, although evidence of adaptation 512 in complex genomes often also appears within intergenic regions (Li et al. 2012) . 513
Genomic mosaic of introgression 514
The spatial context of loci within genomes, as well as the temporal scale of divergence 515 between lineages, can influence patterns of introgression and are often depicted by a mosaic 516 landscape of genomic differentiation and ancestry. For instance, Coyne & Orr (1989) introgression has been noted across several studies (Lexer et al. 2010; Parchman et al. 2013; 567 Gompert et al. 2014; Lindtke et al. 2014; de Lafontaine et al. 2015) and is likely a result of 568 complex interactions between divergence history, selection, and genomic features. 569
Evidence of higher number of outliers from P. strobiformis and a negative association 570 between our cline parameters (α and β ) could be explained by three processes: (i) intrinsic 571 incompatibilities resulting from Dobzhansky-Muller effects or more complex epistatic effects 572 disproportionally favoring allelic combinations from P. strobiformis in the hybrids relative to P. 573 flexilis parental background, (ii) widespread directional selection on alleles from P. strobiformis 574 in the hybrid zone leading to the formation of co-adapted gene complexes, and (iii) incomplete 575 lineage sorting resulting from recent divergence between Core and Periphery. In contrast to 576 inferences from the Engelmann-white spruce hybrid zone (De La Torre et al. 2014b) , the 577 asymmetry of outlier loci is not due to high rates of gene flow from Core into Periphery, as the 578 best demographic model excluded gene flow between these groups (see Figure 5B) . A higher number of outlier loci with introgression favoring P. strobiformis is consistent with the strong 580 influence of selection favoring alleles with P. strobiformis ancestry in the hybrid zone. Even 581 without a linkage map, the cline results, along with precipitation seasonality being a strong 582 shared niche predictor for Core and Periphery, points towards widespread directional 583 introgression from P. strobiformis into the hybrid zone, which is consistent with local adaptation 584 driving the evolution of co-adapted gene complexes from P. strobiformis and of emerging 585 intrinsic incompatibilities (Gompert et al. 2012b) . The geographic clines of h, despite the 586 absence of current gene flow between the Core and Periphery, also points towards an effect of 587 incomplete lineage sorting. However, higher directional introgression from P. strobiformis even 588 after accounting for the skewed pattern of genomic ancestry in the hybrid individuals emphasizes 589 the role of selection over incomplete lineage sorting. Further, directional introgression of alleles 590 from Core into Periphery might also have led to the asymmetrical niche divergence between 591 these groups. 592
Our results are in accordance with studies in other coniferous species demonstrating that 593 speciation is likely initiated through ecological barriers, and several generations of hybridization 594 might occur before the evolution of intrinsic barriers to gene flow (Hamilton et al. 2013; Zhou et 595 al. 2014; Stacy et al. 2017) . Integrating the existing genomic dataset with ongoing planting 596 experiments involving climate treatments and measurements of fitness related traits should also 597 help resolve the joint influence of extrinsic and intrinsic isolating mechanisms. Specifically, co-598 incidence between the steepness of genomic, geographic, and trait specific clines would indicate 599 a dominant role of extrinsic factors in facilitating divergence and speciation (Holliday et al. 600 2010; De La Torre et al. 2015; Stankowski et al. 2015; Ryan et al. 2017) . Alternatively, the 601 presence of several loci showing steep clines, but lacking climatic or functional associations would indicate a dominance of intrinsic barriers (Ryan et al. 2017) . Although the genomic cline 603 analysis used in this study provided key insights into a complexity of species isolation, it lacks 604 sufficient power to account for complex epistatic effects (Gompert & Buerkle 2011) . These have 605 likely played a key role in ecological speciation and in initiating the evolution of reproductive 606 isolation (Lindtke et al. 2012; Flaxman et al. 2014) . Ultimately, furthering genomic resources 607 will help test whether absolute measures of divergence are correlated with recombination rate, 608 and will account for the non-random genomic distribution of climate-associated genes and their 609 tendency to co-localize in areas of reduced recombination (Wolf & Ellegren 2016) . This study, 610 however, provides concrete evidence of ecological speciation with gene flow, the presence of a 611 historical hybrid zone maintained by extrinsic factors, and early stages of coupling between 612 disruptive selection and intrinsic barriers contributing towards diversification. Whether these 613 patterns hold generally for speciation within conifers, given their life history characteristics as 614 well as their complex and large genomes, is thus a worthwhile area of future research. 
Author contributions 915
The study was designed by KMW, AVW, AJE, LFR, CW, and SC. Field sampling was 916 performed by AWS, FMF, LFR, MSG, CW, ALS, and KMW. Funding for this study was 917 procured by KMW, AWS, and AJE. MM, JCB and CF performed the data analysis. MM 918 generated the genomic data and wrote the manuscript. All authors edited the article and have 919 approved the version for submission. Table 3 . Model composite likelihoods and AIC model selection results for 11 alternative demographic models of P. strobiformis 930 (core and periphery)-P. flexilis divergence. The best supported model, that with the minimum AIC score (hence, Table S1 of the Supporting Information. 938 Table 2 ). 950 Table S1 . Sampling locations used in this study, their classification into Core and Periphery, and 962 mean admixture proportions. 963 Table S2 . Raw and converted parameter estimates from the ∂ A∂I model that was best-supported 964 by AIC model selection. 965 
Figure Captions
